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,QWURGXFWLRQ
1HWZRUNWUDIILFLQVSHFWHGDWOD\HUWZRWKURXJKVHYHQDVLWPRYHVWRQHWZRUNKRVW'HHS3DFNHW,QVSHFWLRQ'3,LVD
OHDGLQJ WHFKQRORJ\ WRRO IRU SULPDU\ VHUYLFHV DV 3URWRFRO DQDO\VLV DQWLYLUXV PDOZDUH SURWHFWLRQ ZHE ILOWHULQJ
,QWUXVLRQ'HWHFWLRQDQG3UHYHQWLRQ6\VWHP,'36,WLVXVHIXOIRUVHFXULW\FRPSOLDQFHDSSOLFDWLRQUHFRJQLWLRQDQG
ELOOLQJDOVR>@>@,'6LVVKDOORZSDFNHWLQVSHFWLRQVWDWHIXOOSDFNHWLQVSHFWLRQ>@LVEDVHRQVLJQDWXUHGDWDEDVH
,36LVDQLQOLQHDQGDXWRPDWLFDFWLRQZKHQGHWHFWHG7KHSDFNHWLVILYHWXSOH6RXUFH,3'HVWLQDWLRQ,36RXUFHSRUW
GHVWLQDWLRQ SRUW DQG QHWZRUN OD\HU SURWRFRO ,W LV DOVR SULYDF\ YLRODWLRQ >@ $Q\ DSSOLFDWLRQ QHHGV HIILFLHQW
DOJRULWKP DQG KLJKVSHHG SDWWHUQ PDWFKLQJ 7KHUH DUH KDUGZDUH DQG VRIWZDUH VROXWLRQV WR DFKLHYH EHWWHU
SHUIRUPDQFH7KHPLVFODVVLILFDWLRQOHDGVWRLQFUHDVHIDOVHSRVLWLYHDQGIDOVHQHJDWLYHUHVXOWV7KHFRUUHFWPHWKRGLV
LPSRUWDQW WR JHW DQ DFFXUDWH UHVXOW$OOPHWKRGV DUHEDVHRQSRUWV WKDW DUH YDU\LQJ LQPDQ\ DSSOLFDWLRQV3HUIHFW
VWULQJPDWFK LV EDVH RQ VHTXHQFH RI FKDUDFWHUV RU QXPEHUV LQ WKH SD\ORDG 2Q WKH EDVLV RI QXPHULFDO PHWKRGV
DULWKPHWLFSURSHUWLHVRIVHYHUDOSDFNHWVDUHXVHGWRLGHQWLI\FKDQJHLQGDWDEHWZHHQKRVWV$QDO\VLVRIEHKDYLRUDQG
KHXULVWLFV DUHRIWHQ FRPELQHG WRSURYLGH DVVHVVPHQW FDSDELOLWLHV >@7KH VHULRXV FKDOOHQJHV LQ'3, DUH KRZ WR
SUHSDUH VLJQDWXUH OLEUDU\ +RZ WR JHW D IDVW UHVSRQVH ZLWK ORZ ODWHQF\ +RZ WR FKDUDFWHUL]H GHWDLOHG QHWZRUN
DFWLYLWLHV
7KH'3, FODVVLILHU QHHG WRZRUN DW YHU\ KLJK VSHHG DQG LPSURYHG FODVVLILFDWLRQ DFFXUDF\ >@7KH WKUHH SDFNHW
FODVVLILFDWLRQWDVNVDUHVLQJOHILHOGFODVVLILFDWLRQPXOWLILHOGFODVVLILFDWLRQDQGGHHSSDFNHWFODVVLILFDWLRQ'3&,W
GRHV IDVW SDFNHW FODVVLILFDWLRQ >@ 6WULQJ VHDUFK DOJRULWKPV DUH%R\HU0RRUH DQG LWVPRGLILFDWLRQV 7KH DYHUDJH
WLPHFRPSOH[LW\LVUDQJLQJIURPO (n) WR O (min)>@
6QRUW LVSXEOLFDOO\DYDLODEOHRSHQVRXUFH1,'6DQGZLGHO\XVHGIRUDKRVWEDVHG1,'6,WFDQDOVRLQWHJUDWHZLWK
RWKHUVROXWLRQV6QRUWVXSSRUWVPDQ\SODWIRUPVEXWXVHZLWKKLJKHQGVHUYHUVLQWKHHQWHUSULVH6QRUWFDQEHEXLOGXS
DV VQLIIHU SDFNHW ORJJHU 1,'61,36 >@ '3, LV XVH E\ VRPH ,QWHUQHW VHUYLFH RSHUDWRUV IRU PHDVXUHPHQW
PDQDJHPHQW RI WUDIILF WR WKHLU FXVWRPHUV RQ VKDUHG OLQH 7KH ,QWHUQHW QHXWUDOLW\ DQG SULYDF\ DUH RWKHU LPSRUWDQW
LVVXHVIRUGHEDWH>@
'LIIHUHQWPHWKRGVXVHGIRU'3,1)$')$EDVHGPHWKRGVDUHIDVWHU$SURULPHWKRGVDUHDFFXUDWHEXWKDYHVSDFH
FRPSOH[LW\6LJQDWXUHLGHQWLILFDWLRQPHWKRGVDUHDFFXUDWH3RUWEDVHGPHWKRGVDUHQRWDFFXUDWHEHFDXVHSHHU
WRSHHUWUDIILFDQGWKHLUSRUWVDUHG\QDPLFZKLFKQRWVWDQGDUG,$1$SRUWQXPEHUV>@DUH
5HFHQWO\ PXOWLOD\HUHG DQG PXOWLOHYHO DSSURDFK LV XVHG LQ ,'6,36 IRU DFFXUDF\ LQ GHWHFWLRQ 6DPH WLPH PDQ\
KDUGZDUH EDVHG HQKDQFHPHQWV DUH WKHUH ZKLFK FDQ ZRUN XS WR  JLJDE\WH SDFNHW SURFHVVLQJ ,W LQFOXGHV )LHOG
3URJUDPPLQJJDWH$UUD\)3*$1HWZRUN3URFHVVRU137HUQDU\&RQWHQW$GGUHVVDEOH0HPRU\7&$0>@
7DEOH0RGHO&RPSDULVRQV
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








$*HQHUDWLYH0RGHO $'LVFULPLQDWLYH0RGHO
x ,WOHDUQVMRLQWSUREDELOLW\
GLVWULEXWLRQ 
x ,WOHDUQW&RQGLWLRQDOSUREDELOLW\
GLVWULEXWLRQ 
x ([+LGGHQ0DUNRYPRGHODQG1DwYH
%D\HV
x ([&RQGLWLRQDOUDQGRPILHOGV0D[LHQW
FODVVLILHUDQG0D[LPXPHQWURS\PRGHO
x 1DwYH%D\HV0RGHOLVDPHWKRGWR
FODVVLI\LQJ6LQJOHFODVVYDULDEOHV
LQGHSHQGHQFHRIVRPH)HDWXUH
YDOXHV
x 0D[LPXP(QWURS\0RGHOLVDQDSSURDFKWR
FODVVLI\LQJVLQJOHFODVVYDULDEOHVLQGHSHQGHQFH
RIVRPHIHDWXUHYDOXHV7KHGLIIHUHQFHLVWKH
VLJQLILFDQFHRIFRQGLWLRQDOSUREDELOLW\LQVWHDG
RIWKHMRLQWSUREDELOLW\
x 7KH+LGGHQ0DUNRY0RGHOLVDQ
H[WHQVLRQWRWKH1DwYH%D\HV0RGHO
IRULQVHTXHQFHVWUXFWXUHGGDWD>@
x &RQGLWLRQDO5DQGRP)LHOGVFDQEHXQGHUVWRRG
DVDVHTXHQWLDOH[WHQVLRQWRWKH0D[LPXP
(QWURS\0RGHO>@
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&RPELQLQJ H[SHFWDWLRQ $OJRULWKP DQG GHQVLW\ IXQFWLRQ ZLWK NPHDQV DQG NQHDUHVW DOJRULWKP JLYH UXQWLPH DW
OLJKWZHLJKWWUDIILF>@&87(LVDQRWKHUWUDIILFFODVVLILFDWLRQWHFKQLTXH,WLVIDVWHUWKDQDQ\RWKHUH[LVWLQJPHWKRGV
,W UHSODFHVFRPSOH[UHJXODUH[SUHVVLRQVZLWKDVLPSOHVHWRI UXOHV '3, LVXVHIRUDSSOLFDWLRQDZDUHVHUYLFHVDQG
EDQGZLGWKHIILFLHQF\,WLVWKHEDVHRQ85/DQDO\VLV>@)XUWKHUJRLQJGHWDLOFDQSURYLGHZHEXVDJHDQGOLQNOHYHO
PHDVXUHPHQWV>@0XOWLSOHSDWWHUQVPDWFKLQJZLWKKDVKLVXVHIRULQWHUQHWDSSOLFDWLRQLGHQWLILFDWLRQDQGVHFXULW\
SXUSRVH >@'3, LV XVHIXO IRU GHWHFWLQJERWQHWV HYHQZKHQ LW LV HQFU\SWHG >@*UDSKLFV 3URFHVVRUZLWK DWWDFN
VLJQDWXUHPDWFKLQJJLYHVKLJKSHUIRUPDQFHLQ,QWUXVLRQ'HWHFWLRQ6\VWHP
6\VWHPGHYHORSPHQWPRGHO
,WZLOO LGHQWLI\DQGGLYLGHHQWLUHQHWZRUNWUDIILFLQWRWZRWXSOHQRUPDODQGDEQRUPDO7KHQLWZLOOFKHFNZLWK,'6
VLJQDWXUHGDWDEDVH,WZLOOGLYLGHHQWLUHGDWDVHWLQWRWZRFDWHJRULHV:KLOHFKHFNLQJHYHU\UHFRUGWKHNH\DWWULEXWHV
DUHYHULILHGIRUDOOSRVVLEOHDEQRUPDOLWLHV,IIRXQGLWZLOOEHFKHFNHGIRUGLIIHUHQWFDVHVIRUSHUIHFWGHWHFWLRQ+HUH
WUDLQLQJDQGWHVWLQJLVLQWHJUDWHGLQRQHPRGXOHWKDWVDYHVWLPH,WGRHVQRWVNLSDQ\UHFRUGDVDOODUHJLYHQDVLQSXW
WRWKHV\VWHP
3UREDELOLW\RI1RUPDOUHFRUGVx3UREDELOLW\RI$EQRUPDOUHFRUGVy
  
$OOWKHVHDUHMRLQWSUREDELOLW\LQQHWZRUNDQDO\VLV

P (t) = {P(x)/P(y)) +P(y)/P(x)} 
7KH'3,PHWKRGVIRU,'6
$OOWKHWUDGLWLRQDOPHWKRGVDUHEDVHRQDWWULEXWHVRIWKHSDFNHW,WZLOOVHOHFWRQWKHEDVLVRISXUSRVHRUDSSOLFDWLRQ
6RPHRIWKHVHDUH
x 6LJQDWXUHSDWWHUQVWULQJV
x 6WDQGDUG3RUWQXPEHUV
x 7LPHIORZEHKDYLRXU
x 6RXUFHGHVWLQDWLRQKRVWEDVHG
x &RQWHQWVWDWLVWLFVEHKDYLRXU

(DFKKDVLWVDGYDQWDJHVDQGOLPLWDWLRQV>@:HXVHFRQWHQWVWDWLVWLFVEHKDYLRXUIRURXUZRUN,WLVEDVHGRQ
GLIIHUHQWDWWULEXWHVVWDWHVRIQRUPDODQGDQRPDORXVEHKDYLRXU
6\VWHP$UFKLWHFWXUH
7KHPRWLYDWLRQWRSURSRVHWKLVQHZDSSURDFKLVQHDUO\ILIW\SHUFHQWLQWUXVLRQDQGVHFXULW\YLRODWLRQDUHZLWKLQWKH
RUJDQL]DWLRQ 7KH VHFXULW\ UHSRUWV JHQHUDWHG RQ DQDO\]HU VKRZV DSSDUHQWO\  ,I WUDIILF LV GLYLGHG LQWR GLIIHUHQW
FDWHJRU\ZLVH LWZLOO EHPRUH VRSKLVWLFDWHG IRU IXUWKHU LQYHVWLJDWLRQ DOVR7KHEXLOGLQJEORFNZLOO EH VDPH IRU
ERWKRUJDQL]DWLRQDODQGSXEOLFQHWZRUNWUDIILF,WLVK\EULGDQRPDO\DQGLQWUXVLRQGHWHFWLRQV\VWHP
:H DUH FKHFNLQJ SDFNHW GDWD LQIRUPDWLRQ ILUVW WLPH IRU QRUPDO RU DEQRUPDO 6HFRQG LWZLOO EH FKHFNHG IRU LWV
DWWULEXWHV IRU ZKLFK W\SH RI DWWDFNV DQG EORFN LI DQ\ ,Q PRGXODU OD\HUHG DQG VHTXHQWLDO VHDUFKLQJ WKH WLPH
FRPSOH[LW\DQGVSDFHFRPSOH[LW\LVH[SRQHQWLDOO(nm),WLVFKHFNIRUDOOFODVVRIDWWULEXWHVHW,WSURSRVHVWRFKHFN
DWWULEXWHVRQFHDQG LGHQWLI\ IRUZKHWKHU'R63UREH5885RU8QNQRZQ6R LW¶V WLPHFRPSOH[LW\ LV LQ WKH
UDQJHRIO(n/2)LWVZRUVWFDVHFRPSOH[LW\LVPXOWLSOHRIQXPEHUSDWWHUQDQGWH[WFRXQW2Q,WLVDFFHSWDEOHWLOO
Q7KHEDVLFVHDUFKLQJDOJRULWKPVFRPSOH[LW\LVJLYHQLQ7DEOH1R

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7DEOH1R6HDUFKLQJ$OJRULWKPV&RPSOH[LW\

$OJRULWKP %HVWFDVH :RUVWFDVH $YHUDJH&DVH
%UXWHIRUFH 2PQ 2Q 2PQ
6HTXHQWLDO6HDUFK 2 2Q 2Q
2SWLPDO0LVVPDWFK 2PQ 2PQ 2PQ
%R\HU0RRUH 2QP 2QP 2Q
2XU$OJRULWKP 2Q 2Q 2Q
$OJRULWKP7UDLQLQJ
6HOHFW'DWD6HW
)RULQWL P6WDUW,P/HQJWKL
^
,I&DVH__&DVH__&DVH__&DVH__««««__&DVH
^
%\XVLQJWKLVFRQGLWLRQVRU&DVHVZHVHSDUDWHRXW$QRPDOLHVDQG1RUPDOGDWDVHWV
7KHUHDUHIROORZLQJ&DVHVLVSUHVHQWLQWKLVDOJRULWKP
&RXQW&RXQWHUIRUWKHDEQRUPDOUHFRUGV
,IFODVV LSVZHHSSRUWVZHHSQPDSVDWDQPVFDQVDLQW
^
3UREHV &RXQWHUIRUWKHSUREHVUHFRUGV
`
,IFODVV EODFNODQG1HSWXQHSRGVPXIWHDUGURSDSDFKHPDLOERPESURFHVVWDEOHXGSVWRUP
^
'RV   &RXQWHUIRUWKH'R6UHFRUGV
`
,IFODVV EXIIHUBRYHUIORZORDGPRGXOHSHUOURRWNLWKWWSWXQQHOSVZRUP[WHUP
^
85   &RXQWHUIRUWKH85UHFRUGV
`
,IFODVV IWSBZULWHJXHVVBSDVVZRUGLPDSPXOWLKRSSKIVS\ZDU]FOLHQWZDUHPDVWHUQDPHGVHQGPDLOVQPSJHWDWWDFN
VQPSJXVVTODWWDFN[FORFN[VQRRS
^
5/   &RXQWHUIRUWKH5/UHFRUGV
``
$OJRULWKP7HVWLQJ
 
??&DVHVIRUWKHVW,I

&DVH
$WWULEXWH            
9DOXH 65(-   !      !         

&DVH
$WWULEXWH    
9DOXH ,FPS HFRBLHFUBL 6) !

&DVH
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$WWULEXWH  
9DOXH 56756) 

&DVH
$WWULEXWH  
9DOXH 5672 

&DVH
$WWULEXWH  
9DOXH 27+ KWWS
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$WWULEXWH 
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
&DVH
$WWULEXWH 
9DOXH 6+

&DVH
$WWULEXWH   
9DOXH 3ULYDWH 6)  

&DVH
$WWULEXWH   
9DOXH 2WKHU 6)   

&DVH
$WWULEXWH     
9DOXH WFS IWS 6) ! 

&DVH
$WWULEXWH   
9DOXH IWSBGDWD 6) 
 
([SHULPHQWVDQG5HVXOWV
:HXVH.''16/ZKROH'DWDVHW DQG'DWDVHW IRUH[SHULPHQW ,WKDVDWWULEXWHV DQGDWWDFNV:HKDYH
LPSOHPHQWHG RXU DOJRULWKPZLWK -'. DQG1HW%HDQV  ,'(:H FRPSDUH RXU UHVXOWVZLWK:(.$H[SORUHU
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WRWDO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7DEOH&RQIXVLRQ0DWUL[
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&DWHJRU\ 7UXH1RUPDO 7UXH$QRPDO\ )DOVH1RUPDO )DOVH$QRPDO\
%D\HV1HW    
1DLYH%\HV    
'HFLVLRQ7DEOH    
7UHH-    
2XU$OJRULWKP    
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)LJ$JUDSKLFDOUHSUHVHQWDWLRQRIWKHFRQIXVLRQPDWUL[
7DEOH&RPSDUDWLYH&ODVVLILFDWLRQ5HVXOWVDQG7LPH
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&ODVVLILHU &RUUHFWO\
&ODVVLILHG
,QVLVWHQFH
 ,QFRUUHFWO\
&ODVVLILHG
,QVLVWHQFH
 Timeinms
%D\HV1HW     
1DLYH%\HV     
'HFLVLRQ7DEOH     
7UHH-     
2XU$OJRULWKP     
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DSSOLFDWLRQIRUPXOWLFRUHPXOWLWKUHDGLQJ LQOLQH LQWUXVLRQGHWHFWLRQDQGSUHYHQWLRQV\VWHP ,W UHGXFHV WKH ORDG WR
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